SUMMARY
Most neuronal populations form on both the left and right sides of the brain. Their efferent axons appear to grow synchronously along similar pathways on each side, although the neurons or their environment often differ between the two hemispheres [1] [2] [3] [4] . How this coordination is controlled has received little attention. Frequently, neurons establish interhemispheric connections, which can function to integrate information between brain hemispheres (e.g., [5] ). Such commissures form very early, suggesting their potential developmental role in coordinating ipsilateral axon navigation during embryonic development [4] . To address the temporal-spatial control of bilateral axon growth, we applied long-term time-lapse imaging to visualize the formation of the conserved left-right asymmetric habenular neural circuit in the developing zebrafish embryo [6] . Although habenular neurons are born at different times across brain hemispheres [7] , we found that elongation of habenular axons occurs synchronously. The initiation of axon extension is not controlled within the habenular network itself but through an early developing proximal diencephalic network. The commissural neurons of this network influence habenular axons both ipsilaterally and contralaterally. Their unilateral absence impairs commissure formation and coordinated habenular axon elongation and causes their subsequent arrest on both sides of the brain. Thus, habenular neural circuit formation depends on a second intersecting commissural network, which facilitates the exchange of information between hemispheres required for ipsilaterally projecting habenular axons. This mechanism of network formation may well apply to other circuits, and has only remained undiscovered due to technical limitations.
RESULTS
In Vivo Long-Term Imaging of Et(-1.0otpa:mmGFP)hd1 Transgenic Embryos Reveals the Development of Two Intersected Neural Networks In zebrafish, the diencephalic habenulae are composed of the asymmetric dorsal habenular (dHb) nuclei, which are homologous to the mammalian medial habenulae, and the symmetric ventral habenular (vHb) nuclei, which correspond to the lateral habenulae in mammals [8] . Their efferent axons form bilateral bundles (fasciculi retroflexi), which innervate the interpeduncular nucleus (IPN) and the median raphe (MR) nuclei in the mid-and hindbrain, respectively [9, 10] (Figure 1G) . A detailed analysis of the enhancer trap transgenic line Et(À1.0otpa:mmGFP)hd1 [9, 11] revealed that all neurons of the lateral (dHbl; larger on the left) and medial sub-nucleus of the dHb (dHbm; larger on the right) as well as the vHb express GFP (Figures S1A-S1D) . Consistently, the habenular efferent axons innervating the IPN and MR are labeled (Figures S1E and S1F). GFP expression in dHb neurons is seen from around 43 hr post-fertilization (hpf) dorsally adjacent to cxcr4b-expressing dHb precursor cells (Figures S1G and S1H) [12] . At this time, dHb efferent axons also become visible on both sides of the brain ( Figure S1G ), slightly earlier than previously reported from studies in fixed embryos Red and yellow dots and directional arrows mark the tips of ThEPC axons projecting ipsi-and contralaterally, respectively. Blue and green dots and directional arrows highlight tips of axons from the second and third cluster of contralaterally projecting neurons, respectively. (C) White arrowheads highlight the bilateral expression of GFP in dHb neurons and navigating dHb efferent axons at 49 hpf.
(legend continued on next page) [13] . Although GFP might not be expressed in the first differentiating dHb neurons [7] , the Et(À1.0otpa:mmGFP)hd1 line provides the earliest transgenic labeling of the dHb network to date.
To monitor formation of the entire habenular neural network over 4 days of development, we used high-resolution, twophoton microscopy (2-PM) long-term time-lapse imaging on living Et(À1.0otpa:mmGFP)hd1 transgenic embryos. We then generated pseudo-3D volumes by applying computational tools to better discriminate between axons ( Figure 1 ; Movie S1; Data S1; see the Supplemental Experimental Procedures). As dHb axons grow caudally, they navigate within bilaterally symmetric clusters of neurons posterior and lateral to the developing dHb, which previously were described as thalamic-epithalamic early projecting clusters (ThEPCs) [11] (Figures 1A and 1B ; Movies S1 and S2). These cells start to express GFP as early as 32 hpf, and send out ipsilateral axonal projections prior to dHb axon initiation (Figures S1I-S1L; Movie S1). ThEPC axons form bundles on both brain hemispheres, which extend into brain regions posterior to the IPN ( Figures 1A-1C Figures S2G-S2H 0 ; Movie S2). Thus, dHb axons extend through a bilateral cluster of neurons in prosomere 2, which at this stage establish a brain-hemispherespanning axonal network.
Left and Right dHb Axons Extend Synchronously
Irrespective of Their Neurons' Birth Most dHb neurons on the left brain hemisphere are born earlier when compared to right-sided neurons [7] , which is reflected in most Et(À1.0otpa:mmGFP)hd1 embryos exhibiting earlier GFP expression in left-sided dHb neurons (n = 12/15). However, the first dHb axons are seen at 43 hpf on both sides of the dorsal diencephalon ( Figure S1G ; Movie S2). They subsequently reach the IPN at the same time (Figures 1C-1E ; Figure S2I ; Movie S1). Consistently, the velocity of axon elongation on either side is comparable (Figures 2A-2A 00 and 2C; Figures S2J and S2K). dHb axon elongation rates were calculated in detail by analyzing axon positioning in 2D projections between 53 and 68 hpf. At 53 hpf, dHb axons exit the ThEPCs and, at 68 hpf, they simultaneously reach a midbrain region in which we used overlying crossing tectal axons as landmarks (Figures 2A and 2A 0 ). The analysis shows that dHb axons travel with comparable velocity on either side of the brain. Axons extend faster within the first 6 hr (between 7.1 and 9.1 mm/hr) compared to the subsequent 9 hr (between 2.9 and 4.3 mm/hr) ( Figures 2A-2A 00 ; Table S1 ). At day 4 of imaging (5 days post-fertilization [dpf]), both the dorsal and ventral IPNs are well innervated by the left and right dHb axons, respectively ( Figures 1F and 1G ).
Taken together, our results suggest that irrespective of temporal differences in neuronal differentiation, dHb neurons initiate axon growth at about the same time. Subsequently, the axons extend with similar velocity on both sides of the brain. This suggests that these two processes may be coordinated between hemispheres.
ThEPC Neurons in One Brain Hemisphere Are Critical for the Elongation of All dHb Efferent Axons dHb axons extend through the ThEPCs, which at this time have already established a hemisphere-spanning axonal network. We hypothesized that ThEPCs may be required for dHb axon initiation, guidance, elongation, or left-right coordination of these processes. To address this hypothesis, we laser ablated ThEPC neurons on one side of the brain at the onset of GFP expression (32 hpf) ( Figure 3 ; Movie S3). Ablation accuracy and efficacy were strictly confirmed and treated embryos were additionally monitored for failed ablations, in which GFP was only bleached (Figures S3A-S3F). In successfully unilaterally ThEPC-ablated embryos, the initiation of GFP expression in dHb neuronal somata in both hemispheres and in ThEPC neurons on the non-ablated side was not obviously affected after left or right ablations (Figures 3A-3C; Movie S3). However, whereas dHb axons on the non-ablated side were initially also unaffected, the initiation of dHb axon elongation on the ablated side was delayed ( Figures 2A, 2B , 3B, and 3C). Thereafter, the dHb axon tract appeared largely normal (Figures 2A 0 , 2B 0 , and 3D-3F; Movie S3). dHb axons on the ablated side extended on average with more than two times the velocity of axons in non-ablated embryos (between 11.4 and 29.4 mm/hr) during the first 3 hr (Figures 2B and  2C; Figures S2J and S2K; Table S1 ). Subsequently, the dHb axon extension rate decreased to normal levels (between 4.4 (D and E) White arrowheads highlight dHb efferent projections (D) navigating toward the midline before IPN innervation at 53 hpf and (E) thereafter at 65 hpf. (F) Architecture of the habenular neural circuit at 5 dpf. (G) Summary of events during habenular neural circuit development between (top to bottom) 32 and 44.5 hpf, 32 and 53 hpf, and 32 hpf and 5 dpf. ThEPCs, purple; Tec, orange; second cluster of projection neurons, light blue; third cluster of projection neurons, green; ldHb/rdHb and axonal targets, blue/red. Some ThEPC neurons form the vHb [11] . Therefore, the lvHb/rvHb and axonal targets are shown in purple. Note that the schemes do not show the exact number or position of all axons. (H and I) Dorsal views, anterior to the left, focused on early ThEPC neural network formation between (H) 34.5 and 42 hpf and (I) 36 and 42 hpf. The dotted line indicates the embryonic midline. Yellow and red dots highlight the tips of a commissural and an ipsilaterally projecting ThEPC axon, respectively. Yellow and red arrowheads mark the corresponding projection neuron. MIPs were adjusted using the difference of Gaussians to better visualize the structure of interest. d, dorsal; Hb, habenula; Hbl, lateral habenula; Hbm, medial habenula; IPN, interpeduncular nucleus; l, left; LUT, lookup table; MR, median raphe; ob, olfactory bulb; P, pineal; pp, parapineal; r, right; Tec, optic tectum; ThEPC, thalamic-epithalamic early projecting cluster; v, ventral. See also Figures S1 and S2 and Movies S1 and S2. and 5.5 mm/hr). Although their growth appears normal in this late phase, dHb axons stall before innervating the IPN (Figures 2B,  2B 0 , and 3C-3F; Figure S4E ; Movie S3). Intriguingly, also dHb axons on the non-ablated side stop in 23% of treated embryos (n = 17/74) at approximately the same anterior-to-posterior level and do not reach the IPN until at least 6 dpf. This bilateral dHb axon arrest phenotype is independent of the side of ThEPC ablation (n left = 10; n right = 7). In addition, about half of the unilaterally ablated embryos showed strongly reduced IPN innervation with axons from both sides (n = 33/74; Figures 4E and 4G-4I ). These phenotypes are also specific and dependent on the time of ablation. First, embryos ablated 8 hr after the onset of GFP expres- Table S1 ). The error bars represent the SD values of each velocity (V1, V2, VT). Note that measures were carried out in 2D projections and elongation velocity values are arbitrary.
(C) Representative example of a 2D dHb axontracking plot generated using manual tracking data. Right axons are shown in the upper plot in non-ablated and ablated embryos, whereas the corresponding left axons are shown in the lower plot. Unilateral ablation was performed on the left. Larger and lighter green dots correspond to greater velocity. The right side bar shows the colorcoded velocity in mm/hr. dHb, dorsal habenula; l, left; r, right; ThEPC, thalamic-epithalamic early projecting cluster. See also Figures S2-S4 , Table S1 , and Movie S3.
sion were not affected (n = 9/9; data not shown). This also indicated that the treatment did not cause a physical barrier for growing dHb axons. Second, cell ablations close to the GFP-expressing ThEPC neurons or failed ablations (GFP bleaching) do not affect the elongation of dHb efferents ( Figures S3C-S3I) . Third, the early unilateral removal of one habenula [11] did not affect IPN innervation by axons from the contralateral side ( Figures S3J-S3O) . Fourth, the differentiation of habenular neurons (n = 7/7) or pineal cells (n = 7/7) and the development of the IPN (n = 8/8) were not affected by the ablation (Figure S4 ). The only additional effect observed was that ThEPC commissural projections from the non-ablated side never reached the contralateral side. In contrast to all non-ablated and late ablated embryos investigated, these axons turn after only a few microns and intermingle with the ipsilaterally extending ThEPC axons ( Figure 3H ; Movie S3). Thus, all ThEPC commissures fail to form upon removal of one ThEPC, and ThEPC removal after commissure formation does not affect dHb extension. Altogether, these results suggest that specifically ThEPC neurons provide ipsilateral and contralateral cues to dHb axons so that they can extend normally and innervate the IPN. A subset of ThEPC neurons will develop into vHb nuclei [11] . In the absence of vHb neurons, the IPN is still innervated [14] , indicating that only a few early specialized ThEPC neurons influence dHb axon elongation.
Partial ThEPC Removal Causes Moderate dHb Axon Extension Defects
To further support our findings, we investigated dHb axon elongation in embryos with partially ablated ThEPCs (Figure 4) . We ablated between 2 and 4 ThEPC cells as they started to express GFP in four consecutive experiments (a total of 10-14 cells), allowing subsequent GFP-expressing cells to develop ( Figure 4A ). In these embryos, ThEPC neuron-derived ipsilateral tracts formed but ThEPC commissural axons were reduced on both sides ( Figure 4B ). Consistent with our hypothesis, the number of embryos showing axonal phenotypes remained at about 65% with respect to complete ThEPC ablations, whereas IPN innervation was less severely affected ( Figures 4E-4I ). Only 7% (n = 2/28) of embryos showed a complete lack of IPN innervation. However, IPN innervation was reduced in 57% (n = 16/ 28) of manipulated embryos independent of the side of ablation. Occasionally, the overshooting of dHb axons was observed (n = 2/28).
We conclude that the severity of dHb axon phenotypes depends on the number of ablated ThEPC cells. Furthermore, unilateral ablations always affect IPN innervation from both sides. These findings are well in line with the importance for interhemispheric exchange of information during neural network establishment.
DISCUSSION
Long-term live imaging allowed us to identify a previously unknown mechanism of neural network formation involving the interhemispheric interaction of two intersecting circuits. A central structure in dHb network formation is a bilateral ThEPC neuronal cluster in prosomere 2. First, ThEPC neurons control the timing of dHb axon initiation and their initial extension rate ipsilaterally. Second, ThEPC neurons exert a bilateral control function of the late phase of dHb axon extension such that the ThEPCs provide cues to the contralateral brain hemisphere important for coordinated dHb axon navigation. The unilateral absence of ThEPC neurons results in the loss of synchronized dHb axon elongation, a failure to establish the commissures within the ThEPC network, and the subsequent bilateral arrest of dHb axon extension.
ThEPC Neurons Control Ipsilateral dHb Axon Growth
Previous work has shown that axon initiation can be temporally regulated and that the axon extension rate appears crucial for correct navigation [2, [15] [16] [17] . Our data suggest that dHb neurons also require a bilateral signal before they extend their axons. Such waiting periods appear to be regulated by complex intrinsic and extrinsic control mechanisms [3, 18, 19] . Our ThEPC ablations provide in vivo evidence that the instructive information for dHb neurons derives from ThEPC somata. Notably, dHb axon projection is eventually initiated in all ThEPC-ablated embryos, and if axons stall they do so after having passed the site of ablation. Thus, it is unlikely that ThEPC-derived axons act as pioneers for dHb-derived follower axons [20] [21] [22] [23] . Furthermore, unlike intermediate targets, ThEPC neurons appear not to provide attractive cues for dHb axons, nor are they required to reset the axons' sensitivity to be able to grow beyond them toward their target [21, [24] [25] [26] . However, certain axons can still extend in the absence of an intermediate target [27] . This may be due to an intrinsic timer, for instance, that can act independently of extrinsic cues and allows axons to extend for some time [15, 28, 29] . In unilaterally ThEPC-ablated embryos, dHb axons do so with increased velocity, suggesting that ThEPC-derived signals also function to negatively influence the extension rate of these axons. Nerve injury can induce the production of neurotrophic factors, which are competed for by extending axons according to the neurotrophic hypothesis (e.g., [30] ). One could envisage that in the absence of ThEPC axons the amount of trophic factors available to dHb axons is increased and therefore results in their increased velocity. These two functions (axon initiation and extension rate control) of ThEPCs may constitute a thus far undiscovered general essential requirement for ipsilateral axons to reach their target.
The ThEPC Network Facilitates Exchange of Information between Brain Hemispheres during Habenular Circuitry Development
The unilateral ThEPC ablation experiments caused a bilateral impairment of dHb axon elongation showing that the brain hemisphere, which was not manipulated, must have received the information from the ablated side. This information flow is unlikely to be mediated by the habenular network per se, as unilateral dHb ablations did not affect dHb axons on the contralateral side.
The observed dHb axon stalling could be the result of a change in the axons' environment or of the absence of cues they normally may receive when crossing the ThEPCs. One rather straightforward explanation could be that the two ThEPCs act as a single source of a diffusible signal. Thus, removing one cluster would substantially decrease the quantity (i.e., by half) of the signaling molecule(s) available for dHb axons on each side and therefore affect all dHb axons. In favor of this scenario is our finding that the phenotypic consequences of our ablations depend on the number of ThEPC cells removed-the more cells (H) Dorsal view, anterior to the left, MIPs of eight developmental stages focused on a turning commissural ThEPC axon on the non-ablated site. The axon's tip is marked by a yellow dot and its neuron with a yellow arrowhead. Segmented images show events between 34 and 43 hpf. MIPs were adjusted using the difference of Gaussians to better visualize the structure of interest. Asterisks mark the site of ThEPC ablation between 32 hpf and 5 dpf. d, dorsal; Hbl, lateral habenula; Hbm, medial habenula; IPN, interpeduncular nucleus; l, left; MR, median raphe; ob, olfactory bulb; r, right; Tec, optic tectum; ThEPC, thalamic-epithalamic early projecting cluster; v, ventral. See also Figures S3 and S4 and Movie S3. ablated, the stronger the effect on dHb elongation. However, this observation does not exclude an alternative hypothesis, in which the ThEPC commissures may be required for dHb elongation. In unilaterally ThEPC-ablated embryos, ThEPC axons on the contralateral side never cross the midline. The embryonic midline is a dynamic source of short-and long-range molecules that attract or repel incoming axonal growth cones and which changes its properties over time and upon crossing of axons [23, [31] [32] [33] [34] [35] [36] . Therefore, the absence of midline-crossing axons from the ThEPC might influence the properties of the embryonic midline in analogy to axons of other networks [24, 35, 36] . Signals detected by axons have been shown to travel back to the soma, where they can control different aspects of neuronal differentiation [37] [38] [39] . Because ThEPC axons on the non-ablated side cannot cross the midline, they may not be exposed to midline or contralateral signals, which may in turn influence the maturation or properties of ThEPC neurons. Consequently, ThEPCcrossing dHb axons will not receive the signal, which normally reprograms them to extend and innervate the IPN. Consistent with this hypothesis, we found that ThEPC commissures form before dHb axon extension and that ThEPC ablations after commissure formation do not alter dHb network formation. This finding, however, does not exclude our first hypothesis. Future work is needed to identify the molecules involved and to discriminate between these possible mechanisms by which ThEPC neurons control the elongation of contralateral dHb axons. Nevertheless, the asymmetric dHb in conjunction with the commissural ThEPC network appears to be an excellently suited model to study ipsiand contralateral network interactions required for axon initiation, their synchronized elongation, and target innervation. 
